This study aims to characterize the mechanism and performance of different crumb rubber modified asphalt including the desulfurized crumb rubber asphalt and the common crumb rubber asphalt. Component analysis and Gel Permeation Chromatography test were used to reveal the performance mechanism of different crumb rubber asphalt. Superpave tests were conducted for performance evaluation of different crumb rubber asphalt at the low and high temperatures. Separation test was conducted to compare the storage stability of different crumb rubber asphalt. Mix designs and performance tests were conducted to evaluate the high temperature rutting resistance, low temperature cracking resistance, moisture stability, and fatigue life of different rubber asphalt mixtures. The results show that the crumb rubber mainly exists in asphalt independently while most of the desulfurized rubber can be digested into asphalt and partially changes the components and microstructure of asphalt. The most obvious difference between the crumb rubber asphalt and the desulfurized rubber asphalt was observed for viscosities. The crumb rubber asphalt show better performance than the desulfurized rubber asphalt based on Superpave performance testing results, while the desulfurized rubber asphalt shows better storage stability. Compared to the crumb rubber asphalt mixture, the compaction temperature of desulfurized rubber asphalt mixture can be lowered by 10 to 20℃ to achieve the same performance requirements.
INTRODUCTION
Scrap tires were called "black pollution" due to its critical pollution to the environment; therefore, dealing with scrap tires has been a serious worldwide problem for a long time (1-3). It was found that crumb rubber from scrap tires can be used in asphalt mixture, producing asphalt rubber binder or replacing part of the fine aggregates in asphalt mixtures. According to American Society for Testing and Materials (ASTM), crumb rubber modified (CRM) asphalt (also named as asphalt rubber) is defined as modified asphalt composed of virgin asphalt and no less than 15% crumb rubber by the weight of virgin asphalt. Researches proved that 15~25% of crumb rubber by the weight of virgin asphalt can produce asphalt rubber with satisfied properties (4-6). A number of studies have reported the advantages of asphalt rubber in terms of reduce life cycle costs, and improve pavement performance (7-10).
Previous studies have found that although complicated chemical and physical reactions occur during mixing of crumb rubber and asphalt, physical reaction shown as swelling of crumb rubber is predominant (11, 12) . During swelling of crumb rubber, the light components of asphalt are absorbed by crumb rubber and the crumb rubber particles become much bigger than its original size. Although thermal dissociation also happens, most of the crumb rubber particles still stay in asphalt as solid particles forming a net structure in asphalt. Due to the composition change of asphalt and the existence of crumb rubber particles, the viscosity of asphalt rubber is much greater than that of virgin asphalt and the microstructure of asphalt rubber is unstable at hot melt condition. In addition, the existence of crumb rubber particles has certain interference on the aggregate gradation and thus gap gradation with the greater voids in mineral aggregate (VMA) is usually preferred than the dense gradation for asphalt rubber mixtures (13).
On the other hand, desulfurization process can promote the dissociation of crumb rubber by breaking disulfide bonds inside the molecular structure of rubber. It can change the microstructure of rubber from crosslink to linearity. Combined with chemically activating and plasticizing treatments, it is easier for desulfurized rubber than the original crumb rubber to mix and react with asphalt. However, few researches have been conducted to use desulfurized rubber into asphalt mixture. Thus, this paper focuses on the mechanism and performance evaluation of the desulfurized rubber asphalt as compared to the crumb rubber asphalt.
MATERIALS AND LABORATORY TEST Materials
The crumb rubber and desulfurized rubber were purchased from the tire rubber recycling supplier. Crumb rubber was produced at the room temperature by grinding process. The size of crumb rubber was 40mesh (0.425mm) which is commonly used for asphalt rubber. The desulfurized rubber was obtained from the crumb rubber based on specific desulfurization process. The virgin asphalt with penetration grade of 70 was used to prepare asphalt rubber. The rubber content of 20% by the weight of virgin asphalt was used for both crumb rubber and desulfurized rubber. To conduct comparative analysis, the SBS modified asphalt with penetration grade of 50 was also used in this study.
In addition to the crumb rubber asphalt mixture and the desulfurized rubber asphalt mixture, the SBS asphalt mixture was used as reference mixture for performance comparison in this study. The dense gradation (Spuerpave13) was used in the SBS asphalt mixture and the desulfurized rubber asphalt mixture, as shown in Table 1 . Due to the influence of crumb rubber on aggregate gradation, it is difficult to use crumb rubber asphalt in dense-gradated asphalt mixtures. An adjusted gradation was used for the crumb rubber asphalt mixture, which was named as ARAC13 as shown in Table 1 . 
Laboratory Tests
Component analysis and Gel Permeation Chromatography (GPC) were mainly used to characterize the chemical components difference between crumb rubber asphalt and desulfurized rubber asphalt.
The Superpave performance tests including viscosity test, dynamic shearing rheometer (DSR) test and bending beam rheometer (BBR) test were used to compare the performance between crumb rubber asphalt and desulfurized rubber asphalt. In addition, separation test was conducted for crumb rubber asphalt and desulfurized rubber asphalt to evaluate storage stability.
Performance tests including wheel tracking test, low temperature bending beam test, freeze-thaw splitting test, and four-point bending beam fatigue test were conducted to evaluate the high temperature rutting resistance, low temperature cracking resistance, moisture stability, and fatigue life of different rubber asphalt mixture, respectively.
RESULTS AND DISCUSSIONS Component Analysis
Both crumb rubber and desulfurized rubber were reclaimed from rubber asphalt using trichloroethylene. It was found that only about 30% of the original desulfurized rubber was reclaimed while nearly 80% of the original crumb rubber was reclaimed. This indicated that the desulfurized rubber has been digested into asphalt in a much higher degree as compared to the original crumb rubber. This can be further confirmed by the component analysis of the asphalt extracted from the crumb rubber asphalt and the desulfurized rubber asphalt. Fig. 1 shows the four components for the virgin asphalt binder, the asphalt binder extracted from crumb rubber asphalt, and the asphalt binder extracted from the desulfurized rubber asphalt. As shown in Fig. 1 , for the asphalt binder extracted from crumb rubber asphalt, due to the swelling and pyrolysis of crumb rubber during mixing at the high temperature, the content of saturates decreases while the contents of aromatics and colloid increase compared to virgin asphalt. However, the components between the virgin asphalt binder and the asphalt binder extracted from crumb rubber asphalt are still similar to each other. It confirms that crumb rubber mainly stays independently within asphalt with no obvious chemical reaction. Meanwhile, obvious component differences were observed between the virgin asphalt and the asphalt binder extracted from the desulfurized rubber asphalt. For the asphalt binder extracted from the desulfurized rubber asphalt, the contents of saturates and aromatics decrease while the contents of colloid and asphaltene increase obviously as compared to the virgin asphalt binder. It indicates that, the chemical structure of the virgin asphalt binder was changed with the digestion of desulfurized rubber into asphalt, which results in decreasing of light weight components but increasing of heavy weight components. Fig. 2 shows the GPC chromatograms for the virgin asphalt, the desulfurized rubber asphalt, and the crumb rubber asphalt, respectively. In each GPC graph, the solid line shows the whole chromatogram of asphalt and different peaks represent molecular groups with different weights. The dash lines are chromatograms for each molecular group around the peaks in the solid line. It is clearly shown that all three types of asphalt have response peaks toward to the long elution time, while only the desulfurized rubber asphalt and the crumb rubber asphalt have response peaks at small elution time. Based on the principle of GPC, the molecular group with larger molecular weight elutes faster as time goes. Therefore, the chromatograms indicated that both the desulfurized rubber asphalt and the crumb rubber asphalt may include large, medium and small molecular groups, while virgin asphalt only has the medium and small molecular groups. The contents of large, medium and small molecular groups for the virgin asphalt, the desulfurized rubber asphalt, and the crumb rubber asphalt were calculated from the GPC chromatograms, as shown in Fig. 3 . It clearly indicated that without the influence of rubber, the virgin asphalt has the highest content of small molecular group. Due to the independent existence of crumb rubber and some of its pyrolysis products in asphalt, the crumb asphalt has the highest content of large molecular group and similar contents of median molecular group and small molecular group to virgin asphalt. Because of the integration and reaction with asphalt, the desulfurized rubber asphalt has different molecular group contents from the virgin asphalt and the crumb rubber asphalt. The desulfurized rubber asphalt has the highest content of median molecular group and the lowest content of small molecular group. This is consistent with the finding from component analysis.
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Superpave Test of Asphalt Binder
The Superpave performance testing results for different asphalt are shown in Fig. 4 . It showed that the performance grade for the virgin asphalt, the crumb rubber asphalt, the desulfurized rubber asphalt, and the SBS asphalt are PG 64-22, PG 88-28, PG 82-28, and PG 82-28, respectively. Compared to the desulfurized rubber asphalt, the crumb rubber asphalt has the higher G*/sinδ value and creep rate but the lower creep stiffness at the same temperature, which means the crumb rubber asphalt has better performance at both high and low temperatures than the desulfurized rubber asphalt. Meanwhile, obvious difference between the crumb rubber asphalt and the desulfurized rubber asphalt was also observed for viscosities. The 135℃ viscosity and 175℃ viscosity of the crumb rubber asphalt are about three to four times that of the desulfurized rubber asphalt. It indicated that the desulfurized rubber asphalt has better storage stability than the crumb rubber asphalt. Based on separation test, after storing the binder for 48h at 163℃, the softening point difference for the crumb asphalt is close to 8℃ while it is around 3℃ for the desulfurized rubber asphalt. Compared to the crumb rubber asphalt, the performance of the desulfurized rubber asphalt are more similar to those of the SBS asphalt. However, its G*/sinδ and viscosity are and creep stiffness is lower than those of the SBS asphalt at the same testing temprature. Therefore, the desulfurized rubber asphalt shows better high temperature and low temperature performance than the SBS asphalt.
Mixture Performance Test
Based on Superpave mix design, the optimal asphalt contents were determined to be 7.2%, 5.0% and 4.8%, respectively, for the crumb rubber asphalt mixture, the desulfurized rubber asphalt mixture and the SBS asphalt mixture. The crumb rubber asphalt mixture and the desulfurized rubber asphalt mixture were prepared at different temperatures for performance testing. The resting results are shown in It can be seen that, when the compaction temperature is 170-180℃, the crumb rubber asphalt mixture has better low-temperature cracking resistance, moisture stability, and fatigue life as compared to the desulfurized rubber asphalt mixture; but the trend becomes opposite as the compaction temperature reduces to 150-160℃. Regardless of compaction temperature, the desulfurized rubber asphalt mixture has better rutting resistance at the high temperature than crumb rubber asphalt mixture. This is probably due to the lower asphalt content of desulfurized rubber asphalt mixture than crumb rubber asphalt mixture.
It is clearly shown that compaction temperature affects performance of asphalt mixtures. For both the crumb rubber asphalt mixture and the desulfurized rubber asphalt mixture, with the decreasing of compaction temperature, all performances indicators degrade. It was found that, the decreasing of compaction temperature has more obvious influences on the performances of the crumb rubber asphalt mixture than on the desulfurized rubber asphalt mixture.
The performance testing results of the SBS asphalt mixture and the corresponding specification requirements for modified asphalt mixtures (14) are shown in Table 2 . Compared to the SBS asphalt mixture, when the compaction temperature is greater than 160℃, both the desulfurized rubber asphalt mixture and the crumb rubber asphalt mixture have similar or better performance. However, when the compaction temperature is 160℃, both the desulfurized rubber asphalt mixture and the crumb rubber asphalt mixture have worse performance than the SBS asphalt mixture. Requirements for modified asphalt mixtures ≥2800 ≥80 ≥2500 / Furthermore, it is noted that the dynamic stability and tensile strength ratio of the crumb rubber asphalt mixture were lower than specification requirements when the temperature is lower than 170℃, while this temperature threshold is 160℃ for the desulfurized rubber asphalt mixture. Along the volumetric testing results at different compaction temperatures, this indicates that the compaction temperature for the crumb rubber asphalt mixture is recommended to be greater than 170℃ and the compaction temperature for the desulfurized rubber asphalt mixture should be greater than 160℃.
CONCLUSIONS
1) The component analysis and GPC chromatograms show that the modifying mechanism of the crumb rubber asphalt and the desulfurized rubber asphalt are much different. The crumb rubber mainly exists in asphalt independently while most of the desulfurized rubber asphalt can be digested into asphalt and partially changes the components and microstructure of asphalt.
2) The crumb rubber asphalt show better performance and much higher viscosity than the desulfurized rubber asphalt based on Superpave performance testing results, while the desulfurized rubber asphalt shows better storage stability. Compared to the crumb rubber asphalt, the desulfurized rubber asphalt shows more similar performance to the SBS asphalt.
3) The performance difference in the desulfurized rubber asphalt mixture and the crumb rubber asphalt mixture is due to the combined effects of asphalt binder type and content and aggregate gradation. However, compared to the crumb rubber asphalt mixture, the compaction temperature of desulfurized rubber asphalt mixture can be lowered by 10 to 20℃ to achieve the same performance requirements and volumetric design parameters. Both the desulfurized rubber asphalt mixture and the crumb rubber asphalt mixture require the higher compaction temperature than the SBS asphalt mixture.
Overall, as compared to the crumb asphalt rubber mixture, the desulfurized rubber asphalt can satisfy the performance requirements with the lower production temperature and better storage stability. Without the interference of crumb rubber particles on gradation, the desulfurized rubber asphalt can be more easily used in the dense-graded asphalt mixture. Further study should be conducted on application of the desulfurized rubber asphalt in different types of asphalt mixtures.
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